This work is a kinetic study of the degradation of the final residue obtained from distillation of gasoline mixed with hydrated ethanol. To obtain a flex-fuel, gasoline was mixed with distinct fractions of 20; 40; 60; and 80% volume of ethanol, and the samples were named as: G80:A20; G60:A40; G40:A60; and G20:A80, respectively. The samples were characterized by distillation, specific mass, density, pH, and conductivity. The distillation was carried out according the ASTM D86. At the end of the distillation, the residues of the samples were recovered and subsequently analyzed by thermogravimetry with the temperature ranging from 30 to 400 °C, at heating rates of 5; 10; and 20 °C min , the abovementioned samples proved to be steadier, if compared to the ones with an excessive use of oxygenated solvents to the gasoline.
INTRODUCTION
The generation of carbon monoxide during the combustion of gasoline causes serious environmental problems in big cities. Considering that the addition of ethanol to gasoline decreases the concentration of CO emissions, the development of technologies using a mixture of gasoline-alcohol is very interesting and promising. Countries such as the United States, China, Australia, and Japan are among the ones interested in developing and using this flex-fuel technology.
The alcohol production in Brazil had suffered great reduction in the middle of the 80´s, with the end of the Brazilian Program of Alcohol. Nowadays, the development of the flex-fuel technology increased the alcohol consumption and the demand an increase in its production. Currently, practically all of the cars produced in Brazil are equipped with the so-called flex-fuel technology, which uses ethanol, gasoline, or both mixed in different concentrations. Besides providing economic advantages, the flex-fuel technology contributes to the reduction of pollutant emissions.
In general, gasoline is a complex mixture of different paraffin, iso-paraffin, olefin, naphthenic, aromatic hydrocarbons, and, in a lesser amount, some compounds of oxygen, sulfur and nitrogen. Gasoline's boiling point may range from 20 and 220 °C. These hydrocarbons are, in general, lighter than those that compose the diesel oil. In Brazil, the commercial gasoline distributed to consumers is known as type "C" gasoline, containing 25 % volume of ethanol, according the specifications of the Brazilian Agency of Petroleum, Natural Gas and Biofuels (ANP). The addition of alcohol to gasoline causes intense changes in the physicochemical properties of the flex-fuel, leading to an increase of the octane index, a variation in the density and vapor pressure, and change in the profile of the distillation curve ( The characteristics of hydrocarbon distillation have an important effect in its security and performance, especially if working with flex-fuel technology. The boiling point ranges give information on the composition, properties, and behavior of the fuel during the stockage and use. The volatileness is crucial in determining the tendency of a mixture of hydrocarbons to produce potentially explosive vapors. It affects the departure and heating of the engine. The residue of the distillation corresponds to the gasoline surplus after reaching the boiling point.
The occurrence of high percentage of residue is connected to the presence of heavy composites in the flex-fuel, such as hetero-poly-acids (HPA´s), polyunsaturated hydrocarbons, and remaining fractions after the continuous distillation of the fuel. The aim of this work is to evaluate the thermal behavior of the final residue of the distillation obtained from flex-fuel samples, by thermal analysis, and to determine the activation energy for its thermal decomposition. From the activation energy data, it is possible preview the stability of the residue as a function of the content of ethanol and gasoline, as well as the life of some components of the engine of vehicle, which use flex-fuel mixtures.
MATERIALS AND METHODS
The flex-fuel samples were obtained from a mixture of gasoline with 20; 40; 60; and 80% volume of ethanol. The samples were called: G80:A20; G60:A40; G40:A60; and G20:A80, respectively. The samples of gasoline and alcohol were collected directly from Petrobras S/A, in the State of Rio Grande do Norte, Brazil.
Prior to the preparation of the flex-fuel samples, the gasoline was previously analyzed by RON (Research Octane Number), MON (Motor Octane Number), and ADI (Anti Detonation Index), using an infrared spectrometer PETROSPEC GS-1000 model. The specific mass was determined according to the ASTM D4052 (2001), using a digital densimeter Mettler Toledo DE-40 model. We analyzed the alcohol by pH and conductivity measurements. The pH was determined according to the Brazilian NBR 10891 (1990). The instrument used was a digital B-464, from Micronal, with temperature compensation, and equipped with a combined glass electrode of Ag/AgCl with a reference electrolyte and a temperature sensor. The electric conductivity of the hydrated alcohol was determined according to NBR 10547 (1988).
The distillation of the samples was carried out according to ASTM D86 (2003) using an automatic distiller ISL AD86 model equipment. In the analysis procedure, 100 mL of each sample were used. At the end of the distillation process, the residues of the samples were recovered for the thermal analysis studies. The thermogravimetric analysis was accomplished with ca. 10 mg of each residue at temperatures ranging from 30 to 400 °C, and heating rates of 5; 10; and 20 °C min -1 , under dynamic atmosphere of synthetic air, flowing at 30 mL min -1 . The TG experiments were carried out in a thermobalance from Mettler Toledo, TGA/SDTA-851 model.
RESULTS AND DISCUSSION
The Table 1 summarizes the physicochemical characteristics of the gasoline and ethanol fuels used in the samples. Based on the data obtained, properties of specific mass, ADI, end boiling point, volume of residue of distillation, pH, and conductivity for the flex-fuel samples are in accordance with the Brazilian Agency of Petroleum, Natural Gas and Biofuels (ANP) specification for use within Brazil.
The specific gasoline mass (20°C kg/m 3 ) is lower than ethylic alcohol one, and the addition of alcohol to gasoline increases this property. The anti-detonation index (ADI), which corresponds to the arithmetic average of (MON+RON)/2, increases almost linearly with the amount of alcohol to gasoline in the flex-fuel samples. All values obtained for the flex-fuel samples, ranging from 93.8 to 100.4, were higher than the minimum limit recommended by the ANP, which is 87. However, with the addition of alcohol to gasoline, the pH decreased from 8.1 to values around 7.0, mainly for volumes of 40 and 60% of alcohol added to the samples, suggesting that this is a good range of volume of alcohol for using in automobiles.
The residue generated at the end of the distillation process decreased with the amount of alcohol added to the gasoline. The thermal study of the decomposition of residues was accomplished by thermogravimetry. From TG and DTG curves (Figures 1 to 4) , one can verify that the total decomposition of sample residues occur in the range of 80-180 °C. The temperature for thermal degradation of the sample increases with the concentration of alcohol in the mixtures, indicating that the alcohol added to gasoline dilutes the fuel, producing a more stable flex-fuel sample. The Table 2 gives the values of Tm (maximum temperature) obtained from DTG curves. The method applied for determining the activation energy (Ea) uses dynamic TG curves to different heating rates, known as Flynn and Wall (1966) and Ozawa (1965) methods. The distillation residue is an unsaturated hydrocarbon complex system. For this new proposal, the decomposition occurs as a thermoxidation process in solid phase, such as:
Where A (s) represents the residue of distillation and B (g) the gases produced from its decomposition. The reaction rate is expressed by: (2) (3) Where: C = degraded fraction of residue of distillation in the reaction time t; K = constant dependent of absolute temperature, which can be determined according the Arrhenius equation, as follows:
Where: A = factor of frequency; Ea = activation energy; R = Constant of the gases. Substituting (03) in (04), a new equation was obtained:
A detailed mathematical procedure for determining the activation energy from TG curves using at least three heating rates was reported by Fernandes et al. (1999) , and the following equation was obtained:
Substituting the value of gas constant (R) in the equation, the activation energy was determined: Thus, it is possible to calculate the thermal degradation activation energy, in kJ/mol, of the residue of the distillation for flexible fuel samples obtained from the slope of the curve of the logarithms of the heating rate as a function of reciprocal of the absolute temperature, as shown in the Figure 5 . This TG kinetic method has been applied for determination of activation energies for degradation and pyrolysis of petroleum and residues ( Table 3 .
According to the results obtained, the samples with a high concentration of ethanol presented high activation energies for the thermal degradation of the distillation residue, proving to be steadier in relation to excessive use of oxygenated solvents in the gasoline. The high values of Ea with the concentration of ethanol suggest that this alcohol generates a kind of residue during the distillation, which is more stable to thermal decomposition, resulting in increased activation energy in the flex-fuel type fuel, with increased ethanol content in the mixture. Coriolano et al. (2015) reported that this kinetic model applied for thermal and catalytic degradation of petroleum and its residues, and similar values of activation energies were observed, suggesting that residues of distillation of fuels present some characteristics of sludge and atmospheric residues of petroleum. Figure 5 . Logarithm of heating rates in function of the reciprocal of the absolute temperature for degradation of residues obtained from distillation of flexible fuel samples.
CONCLUSIONS
The results attained indicate that in flex-fuel samples, a high concentration of ethanol in the gasoline result in more stable residues of the distillation. Thus, the ethanol is responsible for the generation of thermally more stable residues. These residues may be obtained by the reaction between ethanol and a great amount of unsaturated molecules in the residue, and in amounts of ethanol that are more than sufficient to react. One can observe an increase in the specific mass with the addition of ethanol to gasoline. The specific mass is a characteristic of the gasoline that relates to its total energetic potential. Thus, for high specific masses, it is considered that a large amount of fuel is injected in the engine for a given volume. In addition, a variation in the specific mass, from 797 to 750 kg/m 3 , at 20 o C, led to a consequent variation in the mass of the injected fuel, being impossible to obtain a well-balanced air:fuel mixture. The decomposition of distillation residues requires a certain amount of activation energy. Since ethanol contains less energy per volume than gasoline, the values of activation energy may indicate the stability of the flex-fuel as a function of ethanol content. The activation energy increased with the concentration of ethanol in the mixtures. The samples containing 60 and 80% volume of ethanol presented activation energies of 169 and 173 kJ/mol, respectively, suggesting that the ethanol forms a high thermal stability complex with the unsaturated hydrocarbon fractions.
